Abstract: New features of thermoplastic polyurethane (PUR)/2-butanone gels are investigated, using dynamic viscoelastic measurements and differential scanning calorimetry. The work is focused on the effect of the hard-segments content on the gelation process. In the case of PUR with the highest hard-segment fraction (30%), soft segments are not able to crystallize on cooling from solution; consequently, gels are not formed. The copolymer with the lowest hard-segment content (12%) gives the shortest gel times. This is attributed to the low solution viscosity of this copolymer, which enhances the crystallization rate. All gels melt at 7°C, giving rise to a viscoelastic solution in a thermoreversible process. The critical gelation concentration is below the critical concentration for polymer chain entanglements.
Introduction

1
Although the majority of block and multiblock copolymers are amorphous, some block copolymers have units capable of crystallization, giving rise to materials with a temperature-sensitive morphology. An example of these materials is a thermoplastic elastomer of polypropylene synthesized by Lin et al. [1] , which is organized into chains comprised of 20% crystallizable (stereoregular) and 80% non-crystallizable sequences. This provokes a gelation process, due to the crystallization of the stereoregular sequences. On the other hand, Cossar et al. [2] have shown that, in pure thermoplastic polyurethanes (PUR), microphase separation between hard and soft segments and concurrent crystallization of the hard-phase domains produce a sol-togel transition. Actually, this is typical of elastomeric polyurethanes, where the crystalline fraction is formed by the hard segments. However, a peculiar type of polyurethanes is nowadays available [3] , in which the hard-segment content is low and a crystalline phase is formed by the soft instead of the hard segments. An interesting aspect of this type of polyurethanes is that thermoreversible gels can be formed from their solutions in common solvents, like butanone. We have pointed out this novelty in a recent paper dedicated to the rheology of low hard-segment content polyurethane solutions [4] . In the present paper new physical features of these gels are presented, focusing on the effect of the hard-segment content on the gelation process.
Experimental part
The general form of the chemical structure of the block copolymers investigated in this work can be seen in ref. [4] . The following units are involved: a) urethane group, b) diisocyanate, c) long-chain diol, d) chain extender. Different OH/NCO ratios were used to vary the proportion of hard segments (urethane) to soft segments (polyadipate of 1,6-hexanediol). The estimated average molecular weights of the investigated samples are M w = 150 000 and M n = 80 000. Basic characteristics, like hard segments fraction (%HS) and melting temperatures, are included in Tab. 1. Dynamic mechanical thermal analysis (DMTA) of PUR samples was carried out in a Polymer Laboratories Mark III equipment. A solvent commonly employed in PUR adhesives, 2-butanone, was used to prepare clear solutions with polymer concentrations ranging from 2 to 18 wt.-%.
The gelation process was monitored by isothermal differential scanning calorimetry (DSC) and dynamic viscoelastic measurements, using a TA Instruments DSC Q100 (also employed to determine melting temperatures of PUR samples) and a Thermo Haake Rheostress I (cone plate mode), respectively. These equipments were also employed to investigate the gel-melting process. 
Results and discussion
The hard-segment (HS) content of polyurethane samples is reflected in DMTA results displayed in Fig. 1 . There is a significant difference between the polyurethane with the highest hard-segment content, PU3 (30% HS), and the other samples. The latter show a dramatic modulus decline around 50°C, denoting a melting process, whereas for the PU3 sample an intermediate step is observed. DSC results, summarized in Tab. 1, confirm the differences found by DMTA. A low-temperature endotherm, observed at c. 50°C, is associated with the melting of the soft-segment component, poly(hexamethylene adipate), which has a melting temperature of T m = 41°C. We remark that sample PU3, which possesses the highest hard-segment content, shows a considerably lower melting enthalpy than the other samples: this has a significant effect on the gelation from solution, as it is seen below. On the other hand, under our experimental conditions, the hard segments do not crystallize, since no endotherms are observed in the vicinity of 200°C. This is not surprising considering the low amount of hard segments in our samples. In fact, Wang et al. [5] observed the absence of high-temperature (165 -250°C) endotherms in polyurethane copolymers having a hard-segment content of less than 30%.
Combined DSC and dynamic viscoelastic results of two 18 wt.-% solutions of PU1 (12% HS) and PU3 (30% HS), respectively, in butanone are presented in Fig. 2 . The isothermal experiments were carried out at -5°C. For PU1 (12% HS) and PU2 (20% HS, not shown in Fig. 2a ), a crystallization process was observed in DSC isothermal measurements. This process occurs simultaneously to the observed increase of the storage modulus, G', with time: the sigmoidal form of the curve, leading to a saturated value of G', is typical of gelling systems. Actually, this value corresponds to the equilibrium elastic modulus of the gel, G e , as was proven by frequency sweep results (not displayed), which show that G' is independent of frequency. On the contrary, the results of Fig. 2b demonstrate the incapacity of PU3 (30% HS) to form a gel from 18 wt.-% solution at -5°C. No exotherm is detected and, moreover, loss modulus, G'', always overcomes G', which indicates a liquid-like behaviour. The results show that the critical crystallinity that should be developed in the PUR/butanone solution to constitute the gel is not reached in PU3, because the relatively high hard-segment content of this sample and the amount of solvent (82%), prevent the soft segments from crystallization. This result corroborates that the origin of the network branch points lies on crystallization of the soft segments, upon cooling from solution.
A more detailed analysis of the evolution of G' with time, as matched with isothermal crystallization (Fig. 2) , demonstrates that the position of the maximum peak of the exotherm, t peak , coincides with the time at which d 2 G'/dt 2 = 0, that is to say the inflection point of the sigmoid, t inflection . Furthermore, measurements of the variation of the dynamic functions with time taken at different frequencies show that the time for the crossover of loss tangent curves agrees with t peak and t inflection . This is an interesting result, because following the method described by Winter and Chambon [6] [7] the tan δ cross-point corresponds to the gel time, t gel . Therefore, isothermal DSC results allow us to determine the gel time of each solution at the investigated temperatures. Results obtained for 18 wt.-% polymer solutions are presented in Fig. 3 : although the number of data is reduced, a gel-sol phase diagram can be reasonably depicted. Under the conditions imposed to obtain the data of Fig. 3 , no gels were formed for the most rigid sample PU3 (hard-segment content 30%). The line drawn in this figure at T = 7°C marks the maximum temperature at which gels can be obtained at 18 wt.-% polymer concentration. This temperature is actually determined from DSC temperature scans, which detect the onset of a melting endotherm at T m = 7°C, for any of the gels. This process is accompanied by a dramatic increase of the loss tangent, tan δ, which passes from 10 -1 (solid-like behaviour) to 10 2 (liquid-like behaviour) in an interval of only 2°C, starting at T m = 7°C. There is no doubt that the fusion of the crystals constituted in the soft-segment domains provokes the immediate collapse of the gel, giving rise to a viscoelastic solution. Dynamic viscoelastic measurements, carried out on heating the gels above their melting temperature and cooling afterwards, reveal that the gels are thermoreversible. The onset of the fusion marks the maximum temperature at which gels can be obtained from isothermal annealing, as is expressed in Fig. 3. a) It has been observed [8] that in poor solvents gelation time is shorter, because crystallite formation is easier than in good solvents. The quality of the solvent is evaluated comparing the solubility parameters of the solvent (2-butanone, δ Bt =19 (J/cm 3 ) 1/2 ) and the polymer. In the case of thermoplastic polyurethane copolymers, the solubility parameter is an average of the solubility parameter of urethane (δ Ur =21.6 (J/cm 3 ) 1/2 ) and macroglycol blocks (δ Mg = 20.1 (J/cm 3 ) 1/2 ) [9] [10] . Considering the respective soft (macroglycol) to hard (urethane) segment ratios of our samples and comparing the solubility parameters, it can be deduced that butanone is a slightly better solvent for PU1 than for PU2. According to this consideration, gelation should be faster for PU2/ 2-butanone solution. However this result is not observed experimentally. Therefore, we have to contemplate the effect of solution viscosity on gelation, assuming that a low viscosity will enhance crystallization rate, reducing gel time. Viscosity data of PU1 and PU2 18 wt.-% solutions at 23°C are, respectively, 0.09 and 1.7 Pa·s, and the activation energy of flow is 21 kJ/mol for both polyurethanes [4] . Hence, at any of the investigated temperatures the solution viscosity of PU1 is approximately 19 times lower than that of PU2. The low viscosity of PU1 is a consequence of the reduction of the entanglement density, since, as is stated in ref. [4] , the critical molecular weight for entanglements, M c , increases as the soft-to-hard-segment ratio increases. The corollary is summarized as follows: increasing hard-segment content leads to an increase of viscosity, which causes a delay of gelation. Although our set of data is limited, a scaling law, t , can be roughly estimated.
An important aspect of gels is the critical gelation concentration c*, that is to say the concentration of polymer below which gelation does not occur. In our case, we have followed the method described by Mal et al. [8] , extrapolating the data of the inverse of gelation time versus polymer concentration, as it is shown in Fig. 4 . Under the lowest temperature conditions (T = -5°C) the most easily gelling solutions, those of PU1 sample, give a critical concentration c* = 4.3 wt.-%. At higher temperatures and using PUR samples of a higher HS content, the critical concentrations should be, in any case, larger. This result offers an interesting conclusion, linked to the critical concentration for entanglements of PUR solutions, which ranges from 5.5 to 7.8 wt.-% [4] : Since this minimum concentration to constitute chain entanglements is above the critical concentration to form a gel (c* = 4.3 wt.-%), then crystallization and subsequent gelation can happen in not-entangled PUR solutions. 
Conclusions
The effect of the hard-segment content of PUR block copolymers on the gelation of PUR/2-butanone solutions has been proven. In particular it is observed that the PUR copolymer with the highest hard-segment content (30%) is not able to form a gel under the conditions considered in this work. This is associated with the relatively low crystallinity of this copolymer, as compared with the other samples. This result verifies that the origin of the gel network branch points lies on crystallization of the soft segments, on cooling from solution. Melting takes place at T m = 7°C, provoking the practically immediate collapse of the gel and giving rise to a viscoelastic solution. Although melting temperatures are the same, shorter gel times are observed for the copolymer that has the lowest hard-segment content (12%). This is a consequence of the effect of hard-segment content on solution viscosity: increasing soft-to-hardsegment ratio provokes a viscosity reduction, which enhances the crystallization rate. On the other hand it is noticed that the critical gelation concentration is below the critical concentration for entanglements.
